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Stoichiometry and Arrangement of Subunits
in Rod Cyclic Nucleotide±Gated Channels
relative affinities for the two ligands and their efficacies
at saturating concentrations can vary by several orders
of magnitude in different CNG channels. Although acti-
Iman M. Shammat² and Sharona E. Gordon*³
*Department of Ophthalmology and
Department of Physiology and Biophysics
vated by a ligand and nearly voltage independent, CNGUniversity of Washington School of Medicine
channels' transmembrane topology, sequence similaritySeattle, Washington 98195
(especially in the S4 and P regions), and tetrameric as-²University of Texas
sembly of homologous subunits place them within theSouthwestern Medical Center
superfamily of voltage-gated ion channels (Jan and Jan,Department of Physiology
1990). CNG channels are heterotetramers composed ofDallas, Texas 75235
two types of homologous subunits. These subunits are
generically termed a and b; as are defined as those
subunits that form functional channels when expressedSummary
heterologously, whereas bs are subunits that do not.
This functional definition, however, is not always consis-Cyclic nucleotide±gated (CNG) ion channels mediate
tent with the phylogenetic assignment of subunit type.the response to light in retinal rods. They are tetramers
The b subunit of the rod CNG channel is only aboutof two homologous subunits (a and b), each of which
30% identical to the rod a subunit and does not formis essential for the function of the channels in vivo.
functional channels when expressed by itself (Chen etWe have investigated the stoichiometry and arrange-
al., 1993). Some important differences between thement of these two subunits to determine how they
properties of native rod channels and channels ex-come together within an individual channel complex.
pressed from the a subunit alone suggest that the bWe exploited the very specific geometric and spatial
subunit plays an important role in the physiology of rodrequirements for forming a high-affinity Ni21-binding
cells. For example, compared to native channels, a-onlysite to examine the number and relative positions of
channels have decreased Ca21 permeability, less voltagethe subunits. We found that only an order of a/a/b/b
dependence, a lack of Ca21/calmodulin modulation, lesscould account qualitatively and quantitatively for the
ªflickeryº single-channel records, lower apparent affinityobserved intersubunit coordination of Ni21 in wild-type
for cGMP, and minimal activation by cAMP. Some of theseand mutant a/b channels. Furthermore, our results
differences are likely to arise from the contribution of thesuggest a structural dimerization among like subunits,
b subunit, as coexpression of b with a generates a/bat least at the level of the Ni21-binding site.
channels with properties that are closer to those of native
channels (Chen et al., 1993; Grunwald et al., 1998). How-Introduction
ever, the number and arrangement of a and b subunits in
a native channel complex is completely unknown.
Cyclic nucleotide±gated (CNG) ion channels mediate the
Knowledge of subunit stoichiometry and arrangement
rod cell's response to light (reviewed by Yau and Baylor,
is a starting point to asking more fundamental questions
1989). These nonselective cation channels are activated about the nature of subunit interactions and their con-
by the direct binding of the intracellular second messen- tribution to channel gating. Recently, Liu et al. (1998)
ger cyclic GMP (cGMP). By varying the number of chan- used mixtures of a subunits that bound cGMP normally
nels that are open, alterations in cGMP concentration and mutant subunits insensitive to cGMP to examine
thus control both the rod's membrane potential and the whether the cGMP-binding ability of one subunit could
concentration of cations, including Ca21, in the outer affect the ability of other subunits to be activated by
segment. The ability of cGMP to activate the channels cGMP. Using this approach, they demonstrated that
can be modulated by factors such as Ca21/calmodulin a-only channels function as a pair of dimers, each of
(Hsu and Molday, 1994), kinases/phosphatases (Gordon which undergoes the opening conformational change in
et al., 1992; Molokanova et al., 1997), membrane lipids an independent manner.
(Gordon et al., 1995; Womack et al., 1999, abstract), and In this paper, we have addressed the questions of
divalent transition metals such as Ni21 (Ildefonse et al., subunit stoichiometry and arrangement using intersub-
1992; Karpen et al., 1993; Gordon and Zagotta, 1995a). unit coordination of Ni21 as a tool. It has previously been
The role of such modulation in the photoresponse, if demonstrated that Ni21 coordination in a-only channels
any, is not yet known. requires that a particular histidine residueÐH420Ðbe
Rod cGMP-gated channels belong to a larger class present in at least two out of four subunits and that
of CNG ion channels that has members in a wide diver- those two subunits be arranged adjacent to one another;
sity of species and tissues (reviewed by Finn et al., two opposite histidine-containing subunits will not suf-
1996; Zagotta and Siegelbaum, 1996). The physiological fice (Gordon and Zagotta, 1995c). By coexpressing wild-
ligand for some CNG channels is cGMP, whereas for type and H420Q-a subunits with wild-type and mutant
others it is cyclic AMP (cAMP); however, all can be b subunits, we demonstrate that a/b channels are com-
activated to some extent by both cGMP and cAMP. The prised of two a and two b subunits in a/a/b/b order.
Furthermore, our data suggest the possibility that like
subunits dimerize, with each channel being composed³To whom correspondence should be addressed (e-mail: seg@
u.washington.edu). of an a dimer and a b dimer. This information is an
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Figure 1. Coexpression of the a and b Sub-
units Increases the Efficacy of cAMP
(A) Currents activated by voltage jumps from
a holding potential of 0 mV to 2100 mV
through 1100 mV, in steps of 20 mV. The
current families on the left are from the same
a-only patch and the current traces on the
right are from the same a/b patch, in which
an RNA injection ratio of 1:4 a:b was used.
Current families on the top are in response
to 2 mM cGMP. Current families on the bot-
tom are in response to 16 mM cAMP.
(B) Box plot of the current activated by 16
mM cAMP divided by the current activated
by 2 mM cGMP, all at 1100 mV. The hori-
zontal line represents the median of the data,
the box represents the middle half of the data,
between the 25th and 75th percentiles, and
the bars show the range of the data. Each box
represents data from at least three patches.
important step in applying what we have learned from (Kaupp et al., 1989; Goulding et al., 1994; Gordon and
Zagotta, 1995a). We found that, as previously reportedexpression studies on a-only channels to understanding
the function of native channels in intact rods. (Fodor and Zagotta, 1996, abstract; Gordon et al., 1996),
coexpression of b with a restored the fractional activa-
tion by cAMP to that observed in native channels. AsResults
shown by the currents in Figure 1A and the data in Table
1, a saturating concentration of cGMP robustly activatedNative Channel Properties Result
from Coexpressing channels formed by expressing only the a subunit (Fig-
ure 1A, top left). In contrast, a saturating concentrationa and b Subunits
In order to determine the number and arrangement of of cAMP activated only about 1% of the current that
was activated by a saturating concentration of cGMPthe two types of subunits in rod heteromultimeric chan-
nels, we coexpressed the subunits in Xenopus oocytes (Figure 1A, bottom left). For channels formed by coex-
pressing a and b subunits, we found that a saturatingand examined their properties using the inside-out con-
figuration of the patch-clamp technique (Hamill et al., concentration of cAMP (Figure 1A, bottom right) acti-
vated about 15% of the current that was activated by a1981). Although b subunits do not form functional chan-
nels on their own, a subunits form functional channels saturating concentration of cGMP (Figure 1A, top right).
Thus, with respect to the relative efficacy of cAMP, coex-whose properties are somewhat different from those of
native channels. One property of a-only channels that pression of b subunits together with a subunits gener-
ated heteromultimeric channels with properties closerdiffers from native channels is the fractional activation
by cAMP. For native channels, cAMP activates between to those of native channels.
To insure maximal incorporation of b subunits into the10%±40% of the cGMP-activated current, depending
on the species (Gavazzo et al., 1996; Picco et al., 1996), channel complex, we examined the effects of injecting
an excess of b subunit RNA compared to a subunitwhereas it activates only 1%±2% of the cGMP-activated
current for channels expressed from the a subunit RNA into the oocytes. The results of those experiments
Rod Channel Subunit Stoichiometry and Arrangement
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for several a:b RNA injection ratios (1:0, 1:1, 1:4, and
1:20) are shown in the box plot of Figure 1B. We found
that even the 1:1 injection ratio of a:b RNA produced a
10-fold increase in fractional activation by cAMP over
a-only channels. The use of a 4- or 20-fold excess of
b subunit RNA did not further increase the fractional
activation by cAMP. These data suggest that channel
assembly may be biased toward inclusion of b subunits.
For the remaining experiments discussed here, we have
used the 1:4 injection ratio of a:b RNA to maximize
saturation of channel complexes with b subunits without
significantly compromising expression levels.
Another property that has been reported to differ in
a-only channels compared to native channels is the volt-
age dependence of activation. The voltage dependence
of native channels manifests itself through a small shift in
the dose±response curve for activation by cGMP toward
lower concentrations as the potential is made more posi-
tive, along with an increase in rectification at sub-
saturating concentrations of cGMP and at saturating
concentrations of cAMP. This voltage dependence has
previously been attributed to a voltage dependence in
the allosteric conformational change of liganded, closed
channels to the open configuration (Karpen et al., 1988).
Although the voltage dependence of activation of native
channels is small, it is virtually absent in channels ex-
pressed from only the a subunit (Chen et al., 1993). We
examined whether coexpression of the a and b subunits
could confer this voltage dependence on expressed
channels. Plotted in Figures 2A and 2B are dose±
response curves for activation by cGMP at 1100 mV
and 2100 mV, normalized so that the current levels are
the same at 2 mM cGMP. We found that the dose±
response curves at the two potentials overlapped for
a-only channels (Figure 2A), reflecting the voltage-inde-
pendent nature of their gating. For a/b channels, we
found that the dose±response curve measured at 2100
mV was shifted slightly to the right with respect to the
dose±response curve for activation measured at 1100
mV (Figure 2B), giving an increase in the concentration
of cGMP required to activate one half of the channels
(K1/2). A box plot of the values of K1/2(1100 mV)/K1/2(2100
mV) for a-only and a/b channels is shown in Figure 2C.
The shift in K1/2 for a/b channels is smallÐabout 60%
over a 200 mV range of potentials. This small shift, how-
ever, is consistent with that observed in native channels,
in which a z30% change in K1/2 has been reported to
occur over a 100 mV range of potentials (Karpen et al.,
1988). Thus, incorporation of the b subunit confers upon
the heteromultimeric channels the voltage dependence
of activation normally observed in native channels.
a/b Channels Are Competent for Ni21 Potentiation
To investigate whether the subunit stoichiometry of ex-
pressed a/b channels was consistent with that of native
channels, we examined potentiation of expressed a/b
channels by Ni21. Ni21 is an ideal tool for such experi-
ments for several reasons: its binding has been demon-
strated to require a particular histidine (H420 in a sub-
units) in the C-linker region of the primary sequence
(Gordon and Zagotta, 1995a), so the sequence of the b
subunit can be examined for the presence of the Ni21-
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binding site; potentiation is produced only when at least
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Figure 2. Coexpression of the a and b Sub-
units Increases the Voltage Dependence of
Activation
(A and B) Dose±response curves for activa-
tion by cGMP for a-only channels (A) and a/b
channels (B). Open symbols were recorded
at 2100 mV and solid symbols were recorded
at 1100 mV. For each voltage, currents were
normalized to the current response to 2 mM
cGMP. Smooth curves are fits with the Hill
equation:
I 5
[cGMP]n
1 1
[cGMP]n
Kn1/2
using the following parameters: (A) K1/2 5 70
mM and n 5 1.9; (B) K1/2 5 68 mM and n 5
2.3 at 1100 mV, and K1/2 5 128 mM and n 5
2.3 at 2100 mV.
(C) Box plot of the ratio of K1/2 at 2100 mV to
K1/2 at 1100 mV for a-only and a/b channels.
Each box represents data from eight patches.
The difference between the two channel
types is statistically significant (Student's t
test, p , 0.02).
two subunits of the tetramer contain the Ni21-binding histi- b subunit corresponds to position 420 in the a subunit.
However, the amino acids flanking the asparagine aligndine and those two subunits are adjacent (Gordon and
Zagotta, 1995c); and Ni21 is known to potentiate native with those in the a subunit, and there is not another
histidine in the immediate vicinity. A misalignment,rod channels (Karpen et al., 1993), thereby allowing a com-
parison of the properties of native and a/b channels. therefore, does not seem likely. The competence of
channels to be potentiated by Ni21 has been demon-We examined the sequence of the b subunit to deter-
mine if a histidine was present in the appropriate posi- strated to be very sensitive to exact position of the
histidine. In fact, moving it only three amino acids towardtion to permit Ni21 binding. A sequence alignment of
the a and b subunits in the region including S6 and the N terminus produces channels that are inhibited
by Ni21 (Gordon and Zagotta, 1995b). Without H420, orcontinuing for 50 amino acids beyond the Ni21-binding
site showed that, instead of a histidine, the b subunit another histidine in the area, we do not expect b subunits
to be competent to form a geometrically precise, high-contains an asparagine at position 546Ðthe position
corresponding to 420 in the a subunit (Figure 3). How, affinity Ni21-binding site.
Are channels with fewer than four histidine-containingthen, can potentiation of native channels by Ni21 be
explained? One explanation would be that the alignment subunits competent for Ni21 potentiation? Previous ex-
periments expressing tandem dimers of a subunits inin that region is poor and, thus, a nearby histidine in the
Figure 3. Alignment between One Region of
Sequence of the a and b Subunits
The horizontal bar indicates the S6 region,
the black box indicates the Ni21-binding site,
and the gray boxes show amino acid iden-
tities.
Rod Channel Subunit Stoichiometry and Arrangement
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Figure 4. Ni21 Potentiation of a-Only and a/b Channels
The cartoons at the top represent the type of channel examined in the panels below. The gray circles represent the a subunit, the white
circles represent the b subunit, and the black circles represent subunits that could be either a or b. The letter within each circle denotes the
identity of the amino acid at the 420/546 position. The small black dot represents a Ni21 ion.
(A and B) Dose±response curves for activation by cGMP. The solid symbols were recorded in the absence of Ni21, and the open symbols
were recorded in the presence of 10 mM Ni21. Currents were normalized to their value at 2 mM cGMP, and concentrations were normalized
to the value of K1/2 in the absence of Ni21. Solid curves are fits to the Hill equation using the following parameters (K1/2 values are before
normalization): (A) K1/2 5 66 mM and n 5 1.8 in the absence of Ni21, and K1/2 5 5.1 mM and n 5 1.8 in the presence of 10 mM Ni21; (B) K1/2 5
69 mM and n 5 1.8 in the absence of Ni21, and K1/2 5 9.9 mM and n 5 1.8 in the presence of 10 mM Ni21. The dashed curves in (B) are
reproduced from the solid curves in (A).
(C and D) Currents activated by either 2 mM cGMP or 16 mM cAMP, as labeled, in response to a voltage pulse from a holding potential of 0
mV to 1100 mV. The thick traces were recorded in the absence of Ni21, and the thin traces were recorded in the presence of 10 mM Ni21.
which half the subunits contained the histidine and half channels by cGMP to the left, decreasing K1/2 by about
an order of magnitude (Figure 4A). Also in agreementhad a H420Q mutation showed that two histidine-con-
taining subunits are sufficient for Ni21 potentiation, pro- with previous work, Ni21 increased the fractional activa-
tion by a saturating concentration of cAMP as much asvided that the histidine-containing subunits are adjacent
to one another (Gordon and Zagotta, 1995c). The Ni21 50-fold (Figure 4C). The effects of Ni21 on a/b channels
are shown in Figures 4B and 4D. Ni21 produced a shiftpotentiation of native channels, then, is an important clue
to their arrangement of subunits. Because native channels to the left of the dose±response curve for activation by
cGMP (Figure 4B) as well as an increase in the currentare composed of both subunits that contain the histidine
(a) and subunits that don't (b), the observed potentiation activated by a saturating concentration of cAMP (Figure
4D). The dotted curves shown in Figure 4B are takenby Ni21 dictates that there be at least two of the histidine-
containing type of subunit and that those subunits be from the fits to the dose±response curves of the a-only
experiment shown in Figure 4A. By comparing the mag-adjacent. Native channels, then, must have at least two
adjacent a subunits to explain their potentiation by Ni21. nitude of the dose±response shift to these a-only curves,
it is apparent that the potentiation produced by Ni21 isWe examined whether channels expressed from both
a and b subunits would, like native channels, be compe- smaller for a/b channels than for a-only channels.
To quantitate the magnitude of potentiation by Ni21tent for Ni21 potentiation. A comparison of the effects
of Ni21 on a-only and a/b channels is shown in Figure for each type of channel, we used the following simple
model that has been previously used to describe chan-4 (see also Figure 8 and Table 1). As previously demon-
strated (Gordon and Zagotta, 1995a), we found that Ni21 nel activation at a saturating concentration of cAMP
(Varnum et al., 1995; Gordon et al., 1997):shifted the dose±response curve for activation of a-only
Neuron
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Figure 5. A Histidine at the 420 Position Is Required for Ni21 Potentiation in Both a-Only and a/b Channels
Cartoons have the same meaning as in Figure 4.
(A and B) Dose±response curves for activation by cGMP. The solid symbols were recorded in the absence of Ni21 and the open symbols were
recorded in the presence of 10 mM Ni21. Currents and concentrations were normalized as in Figure 4. The dashed curves are reproduced
from the solid curves in Figure 4A. Before normalization, the data were fit with the Hill equation using the following parameters: (A) K1/2 5 51
mM and n 5 1.7; (B) K1/2 5 45 mM and n 5 2.
(C and D) Currents activated by either 2 mM cGMP or 16 mM cAMP, as labeled, in response to a voltage pulse from a holding potential of 0
mV to 1100 mV. The thick traces were recorded in the absence of Ni21, and the thin traces were recorded in the presence of 10 mM Ni21.
Introducing a Histidine Makes b Subunits
Competent for Potentiation by Ni21
The experiments described above rely on the assump-
tion that incorporation of b subunits into the channelIn this model, C represents the closed configuration of
complex does not enhance the Ni21 response of a sub-the channel in which the cyclic nucleotide±binding sites
units. To verify this assumption, we must know firstare maximally occupied by cAMP. The maximally bound
that eliminating the Ni21-binding histidine completelyclosed channel then undergoes an allosteric conforma-
abolishes Ni21 potentiation in a-only channels. This hastional change to the open configuration, represented in
previously been demonstrated (Gordon and Zagotta,the model by O. The conformational change occurs with
1995a) and is shown for H420Q channels in Figures 5A,equilibrium constant L. This equilibrium constant can
5C, and 8 and in Table 1. The dose±response curves forbe estimated as If/(1 2 If), where If is the current activated
activation of H420Q-a channels by cGMP in the absenceby saturating cAMP compared to that activated by satu-
and presence of Ni21 overlapped (Figure 5A), and therating cGMP in the presence of Ni21, where activation
currents in response to a saturating concentration ofis assumed to be maximal. The standard free energy
cAMP were unaffected by Ni21 (Figure 5C), confirmingdifference between the open and closed configurations
the essential role of H420 in Ni21 potentiation. Second,(DG0) is then simply 2RTln(L). The difference between
we must determine that coexpressing b subunits withDG0 in the presence of Ni21 and DG0 in the absence of
these H420Q-a subunits does not by itself confer com-Ni21 is 23.0 kcal/mol for a-only channels (Figure 8). For
petence for Ni21 potentiation. Figure 5B demonstratesa/b channels, it is 21.4 kcal/mol (Figure 8), a statistically
that this is the case; the dose±response curves for acti-significant difference from a-only channels (p , 0.001).
vation of H420Q-a/b channels by cGMP overlapped inThe 2-fold decrease in energy of Ni21 potentiation of a/b
the absence and presence of Ni21. Interestingly, a smallchannels compared to a-only channels is consistent
increase by Ni21 in the fractional activation by cAMPwith a model in which a/b channels have half the number
was observed in these channels. Although this effect wasof equivalent Ni21-binding sites as a-only channels (see
Figure 9 and Discussion). not statistically significant (see Figure 8), this pattern
Rod Channel Subunit Stoichiometry and Arrangement
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Figure 6. A Histidine in the b Subunit Rescues Ni21 Potentiation
Cartoons have the same meaning as in Figure 4.
(A and B) Dose±response curves for activation by cGMP. The solid symbols were recorded in the absence of Ni21 and the open symbols were
recorded in the presence of 10 mM Ni21. Currents and concentrations were normalized as in Figure 4. The dashed curves are reproduced
from the solid curves in Figure 4A. Before normalization, the data were fit with the Hill equation using the following parameters: (A) K1/2 5 53
mM and n 5 2.1 in the absence of Ni21, and K1/2 5 20 mM and n 5 1.2 in the presence of 10 mM Ni21; (B) K1/2 5 40 mM and n 5 2.1 in the
absence of Ni21, and K1/2 5 5.0 mM and n 5 1.4 in the presence of 10 mM Ni21.
(C and D) Currents activated by either 2 mM cGMP or 16 mM cAMP, as labeled, in response to a voltage pulse from a holding potential of 0
mV to 1100 mV. The thick traces were recorded in the absence of Ni21, and the thin traces were recorded in the presence of 10 mM Ni21.
was frequently observed and raises the question of We tested these two models of subunit stoichiometry
and arrangement by coexpressing H420Q-a subunitswhether there may be some unaccounted-for difference
between a and a/b channels in either gating or perme- with N546H-b subunits. Ni21 potentiation should occur
only if there are two adjacent b subunits per channelation. We did not further explore this effect.
Having two adjacent a subunits does not determine complex, but should not if only one of the four subunits
in the tetramer is a b subunit. As shown in Figure 6A,the identity of the remaining two subunits of the tetra-
mer. Because we know that at least one b is incorpo- Ni21 shifted the dose±response curve for activation of
the channels by cGMP to the left and also decreasedrated into the complex, conferring native channel±like
properties, the two subunits in question must be either its slope. Ni21 also robustly potentiated the current acti-
vated by a saturating concentration of cAMP (Figure 6Cboth b subunits or one b and one a subunit. Two b
subunits would predict that if we introduce a histidine at and Table 1). Using Scheme 1 to quantitate Ni21 potentia-
tion gives a mean difference between DG0 in the presenceposition 546 in the b subunit (the position corresponding
to 420 in the a subunit)Ðeven in the presence of H420Q-a of Ni21 and DG0 in the absence of Ni21 of 21.7 kcal/mol
(Figure 8), about half that observed in a-only channelssubunitsÐwe should meet the requirements for com-
petence for Ni21 potentiation: two adjacent histidine- (23.0 kcal/mol) and not statistically different from that
observed in wild-type a/b channels (21.4 kcal/mol).containing subunits. Thus, H420Q-a/N546H-b channels
should be competent for Ni21 potentiation. However, if Channels formed by coexpressing this N546H-b sub-
unit with the wild-type (H420-containing) a subunit dis-the two subunits in question were one b and one a,
H420Q-a/N546H-b channels would have only one histi- played even more pronounced potentiation of cGMP
activation by Ni21 (Figure 6B and Table 1). Dose±dine-containing subunit and should not be competent
for Ni21 potentiation. response curves for activation of these channels by
Neuron
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Figure 7. Effect of Subunit Composition on
Channel Affinity for Ni21
(A) Time course of onset of Ni21 potentiation.
Currents in response to 16 mM cGMP at 1100
mV. At time t 5 0, the solution was switched
from one containing EDTA and no Ni21 to one
containing 10 mM Ni21. Data from one patch
each of a-only, a/b, a/N546H-b, and H420Q-
a/N546H-b are shown. The currents were
normalized to their value at steady state in
the presence of Ni21. The smooth curve is a
fit to all the data with a single exponential,
with a time constant of 15 s.
(B) Time course of recovery from Ni21 potenti-
ation. At time t 5 0, the solution was switched
from one containing 10 mM Ni21 to one con-
taining EDTA and no Ni21. Data from one
patch each of a-only, a/b, a/N546H-b, and
H420Q-a/N546H-b are shown. The currents were normalized to their value at steady state in the absence of Ni21. The smooth curve is a fit
to all the data with the sum of two exponentials, with time constants of 70 and 310 s.
cGMP revealed a Ni21-mediated shift to the left nearly properties of native rod channels, including fractional
activation by cAMP, voltage dependence, and compe-as large as that observed with a-only channels as well
as a decrease in slope (Figure 6B, dashed curves). Again tence to be potentiated by Ni21. We further use Ni21 to
deduce that the subunit stoichiometry and arrangementusing Scheme 1 to quantitate potentiation of cAMP acti-
vation, the mean difference between DG0 in the presence of both expressed a/b channels and native rod channels
are a/a/b/b around the central pore. Our data supportof Ni21 and DG0 in the absence of Ni21 was 22.0 kcal/mol,
comparable to that of a/b channels (Figure 8). a model in which like subunits dimerize, at least at the
level of the 420/546 position. Determining how subunits
Effects of Subunit Composition on Channel Affinity are arranged and how their interactions contribute to
for Ni21 channel gating is a critical first step in using expression
To determine whether subunit composition altered systems and site-directed mutagenesis to fully explain
channel affinity for Ni21, we examined the time course the properties of native rod channels.
of onset of potentiation and recovery from potentiation The ability of cAMP to activate rod channels is much
upon introduction and removal of Ni21 from the bath. higher for native channels than for a-only channels (Gor-
For these experiments, we used a subsaturating con- don and Zagotta, 1995a; Gavazzo et al., 1996; Picco et
centration of cGMP (16 mM) that activated less than al., 1996). This difference in cyclic nucleotide specificity
10% of the current that was activated by a saturating has been postulated to be due to an amino acid substitu-
concentration of cGMP. Because subunit composition tion in the C helix region of the cyclic nucleotide±binding
did not alter the apparent affinity of the channels for domain (Varnum et al., 1995). Regardless of the mecha-
cGMP (Table 1), this concentration activated a similar nism, because the cAMP efficacy is an order of magni-
fraction of the channels for all subunit combinations tude greater in native and a/b channels than in a-only
examined. For the time course of onset of potentiation, channels, it makes an ideal assay for the successful
the solution was rapidly (10 ms) switched from one con- incorporation of the b subunit. We found that there was
taining 16 mM cGMP without Ni21 to one containing 16 good agreement between the fractional activation by
mM cGMP plus 10 mM added Ni21 at time point zero of cAMP in a/b channels shown here and that previously
Figure 7A. In this graph, the currents for all four channel reported for native mammalian channels (Gavazzo et
types (a only, a/b, H420Q-a/N546H-b, and a/N546H-b) al., 1996). Furthermore, increasing the relative amount
were normalized to their value at steady state. To exam- of b RNA compared to a RNA injected into the oocytes
ine the time course of recovery from Ni21 potentiation, from 1 to 20 did not further increase the measured effi-
we then rapidly switched from the Ni21-containing solu- cacy of cAMP (Figure 1B). Taken together, these data
tion back to the solution without Ni21. Resultant currents indicate that the population of channels produced by
were normalized to their values at steady state and plot- coexpression of a and b subunits consisted almost en-
ted in Figure 7B. The similarity of the data from all four tirely of channels that incorporated both types of sub-
channel types indicates that the time courses of onset units and implies a bias toward heteromultimeric chan-
of, and recovery from, Ni21 potentiation were not very nels during the subunit assembly process.
sensitive to subunit composition. These data indicate We began our experiments with one essential hypoth-
that the affinity for Ni21 was similar in a-only channels esis: that a histidine introduced at position 546 in the b
and a/b channels, regardless of whether the histidine subunit would be available to participate in a Ni21-bind-
residue was present in only the a subunit, in only the b ing site. This hypothesis could easily have proven false
subunit, or in both the a and the b subunits. if either we had misaligned the sequences of the a and
b subunits or if the geometry/accessibility of the 546
Discussion position in the b subunit were different from that of the
420 position in the a subunit. In fact, if the histidine at
546 were off by even 1 AÊ from the position of H420 inIn this paper, we show that coexpression of a and b
subunits of the rod channel can reconstitute several the a subunit, Ni21 coordination could be attenuated
Rod Channel Subunit Stoichiometry and Arrangement
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Figure 8. Energy of Potentiation of cAMP Ac-
tivation for Six Different Channel Types
Box plot of the difference between DG0 in the
presence of Ni21 and DG0 in the absence of
Ni21, calculated using Scheme 1. The number
of patches used were as follows: a, 6; a/b, 4;
H420Q-a/N546H-b, 3; H420Q-a, 10; H420Q-
a/b, 5; and a/N546H-b, 4.
or eliminated. Our ability to engineer this high-affinity different ways in which Ni21 could be coordinated: by a
pair of adjacent subunits (left column), by two or more ofmetal-binding site into N546H-b subunit-containing
any of the subunits (center column), and by two oppositechannels thus demonstrates that the overall structure
subunits (right column).of a and b subunits, as well as their structure at the
How can we distinguish between the possible coordi-level of the small region of sequence containing the
nation configurations? We have assumed that the chan-histidine, is very similar.
nels are tetramers (Liu et al., 1996) and that multipleSeveral representations of possible physical associa-
histidine-containing subunits are required to coordinatetions between subunits are illustrated in Figure 9. As in
a given Ni21 ion (Gordon and Zagotta, 1995c). Further-previous figures, the gray circles represent a subunits
more, we found that channels in which either only theand the white circles represent b subunits. The small
a subunits or only the b subunits contained the histidineblack dots represent Ni21 ions. Shown are potential Ni21
were competent for Ni21 potentiation. Since Ni21 coordi-coordination configurations if both subunit types have
nation requires at least two histidine-containing sub-the Ni21-binding histidine and if the channels are com-
units, for these heteromultimeric channels Ni21 coordi-posed of: four a subunits (first row), three a subunits
nation could only have occurred between two subunitsand one b subunit (second row), two a and two b sub-
of the same type. In our illustrations (Figure 9), we haveunits (third row), and one a and three b subunits (fourth
therefore allowed coordination only between two orrow). Channels composed of four b subunits were not
more subunits of the same type. Based on this criterion,considered because b subunits do not form functional
we can exclude the second and fourth rows of Figurechannels when expressed by themselves. For each of
9Ðin the H420Q-a/N546H-b and a/b experiments, re-these four subunit arrangements, we have drawn three
spectively (Figures 6 and 4), these channels would have
only one histidine-containing subunit, inconsistent with
the observed Ni21 potentiation. To distinguish among
the remaining three scenarios for heteromultimeric
channels (third row), we can examine their different pre-
dictions for Ni21 binding when the number of histidine-
containing subunits is reduced from four to two. The
model on the left predicts that in such a case the number
of Ni21-binding sites will be reduced from two to one,
but the coordination number for each Ni21Ðand there-
fore the affinity for Ni21Ðwill not change. In contrast, the
model in the center predicts that reducing the number of
histidine-containing subunits will not change the num-
ber of Ni21-binding sites but will decrease the coordina-
tion number for the one Ni21 that is bound. This middle
scenario, then, predicts an orders of magnitude change
in affinity for Ni21. What about the remaining model, in
which oppositely positioned subunits coordinate Ni21? It
has previously been demonstrated that a-only channels
require two adjacent subunits to coordinate Ni21. Pro-
posing a model in which nonadjacent subunits of the
same type coordinate Ni21 thus requires a major differ-
ence between the structures of heteromultimeric chan-
nels and homomultimeric channels. Our resultÐthat theFigure 9. Cartoons of Alternative Models of Ni21 Coordination
Ni21-binding energy is virtually identical for a/b channelsEach gray circle represents an a subunit, each white circle repre-
sents a b subunit, and each black dot represents a Ni21 ion. and H420Q-a/N546H-b channelsÐindicates that the
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fold of the protein at the level of 420/546 and overall is Monod-Wyman-Changeux (Monod et al., 1965) behav-
the same for a subunits compared with b subunits. A ior. The similarity of magnitude of potentiation of cGMP
model in which the subunit interactions of homo- activation in a-only as compared to a/N546H-b chan-
multimeric and heteromultimeric channels are very dif- nels, along with the decreased slope of the dose±
ferent is thus not favored. We are left, then, with the response relation for activation by cGMP for these
model within the square, in which adjacent subunits heteromultimeric channels, suggests that a subpopula-
of the same type coordinate Ni21 in heteromultimeric tion of channels with incomplete or absent Ni21 potentia-
channels. Obviously, during the time that the histidine tion does not account for the decrease in slope. Single-
from a subunit of a given type is part of a Ni21 coordina- channel studies will be required to definitively answer
tion complex with another subunit of the same type, it this question. This difference in properties between ho-
is not available to participate in Ni21 coordination with momultimeric and heteromultimeric channels indicates
a subunit of the other type. However, we do not exclude that we have much to learn about the contribution of
the possibility that such associations between unlike b subunits to the channel complex and that we must
subunits can occur at other times. interpret results from homomultimeric channels with
It has recently been proposed that a-only channels caution.
are composed of two functional dimers (Liu et al., 1998). Using tandem dimers, it has recently been demon-
By coexpressing a subunits with wild-type cyclic nucle- strated that the CNG channel from rat olfactory epithe-
otide±binding domains with a subunits that did not bind lium is composed of two a and two b subunits in a/a/
cGMP within the concentration range used, Liu et al. b/b order (Shapiro and Zagotta, 1998). Although this
(1998) demonstrated that the behavior of a-only chan- subunit arrangement is in agreement with what we have
nels was not consistent with either an independent shown here, the olfactory and rod b subunits are not
model of channel activation or a Monod-Wyman- sufficiently related to allow generalizations to be made.
Changeux-type model of channel activation. Rather, In fact, the olfactory b subunit is more closely related
their data were most consistent with a model in which to the olfactory a subunit (z55% identical) than to the
both subunits of a dimer undergo a single, concerted rod b subunit (z30% identical). Furthermore, the similar
opening conformational change but the opening confor- potentiation of a/b and native rod channels by Ni21 sug-
mational changes of each of the two dimers in a given gests that the a/a/b/b arrangement of subunits is true
channel complex occur independently. Dimerization at not only for expressed channels but for native rod chan-
the level of the cyclic nucleotide±binding domains would nels as well. Understanding the arrangement of a and
not be surprising, as known crystal structures of cyclic b subunits, how the channel complexes are assembled,
nucleotide±binding domains from other proteins are in and how each subunit type contributes to channel func-
dimer form (Weber and Steitz, 1987; Su et al., 1995). tion will aid in our quest to understand the function of
However, similarity in the pore-lining region between rod channels in visual transduction.
CNG channels and other members of the voltage-gated
superfamily of ion channels suggests that, like KcsA Experimental Procedures
(Doyle et al., 1998), CNG channels will have a 4-fold axis
The cDNA clone for the b subunit (CNG4) (Chen et al., 1993) wasof symmetry around the central pore. It should be noted,
provided by K.-W. Yau and the cDNA clones for the a subunit (CNG1)though, that there is recent evidence for functional di-
(Kaupp et al., 1989) and the H420Q-a subunit (Gordon and Zagotta,merization of subunits in voltage-gated K1 channels (Tu
1995a) were provided by W. N. Zagotta. Both cDNAs were expressedand Deutsch, 1999). The data presented here offers the
using the pGEMHE vector, provided by E. R. Liman. RNA was tran-
first structural support for the previously demonstrated scribed using the Mmessage Mmachine in vitro transcription kit
functional dimerization in CNG channels. We have dem- (Ambion, Austin, TX) and injected into oocytes as previously de-
onstrated that 420/546 residues of like subunits move scribed (Zagotta et al., 1989). The N546H-b mutant was made using
oligonucleotide-directed mutagenesis and the sequence confirmed byinto alignment to coordinate a Ni21 as part of channel
DNA sequencing.activation. While more complicated schemes are of
After injection with RNA, oocytes were incubated at 148C for 3±14course possible, these data suggest that a heteromul-
days. Patch-clamp experiments were performed at room tempera-timeric channel is composed of an a-subunit dimer and ture in the inside-out configuration. When oocytes were refractory
a b-subunit dimer. It remains to be seen whether such to seal formation, pipettes were dipped in a mineral oil seal glue
dimerization is always present or is a function of the (Hilgemann and Lu, 1998) immediately before use. The seal glue did
activation state of the channel. not appear to alter any of the measured channel properties. Pipette
tips were typically between 200 and 1000 kV, and no series resis-We did notice one difference in the effects of Ni21 on
tance compensation was made. However, patches in which the errora/b channels compared to native rod channels. In native
due to series resistance was calculated to be .10% were not used.rod channels, Ni21 reduced the slope of the dose±
Patch voltage was controlled with an Axopatch 200B amplifier and
response curve for activation by cGMP (Karpen et al., acquired using a Pentium computer and Pulse data acquisition soft-
1993) but did not change the slope in expressed a/b ware (Instrutech, Port Washington, NY). Unless otherwise stated,
channels. Interestingly, expression of our mutant all currents shown or measured were obtained in response to a
N546H-b subunit, with either H420Q-a or wild-type a voltage step from 0 mV to 1100 mV. Data were filtered at 2 kHz
(8-pole, low-pass Bessel, Frequency Devices, Haverhill, MA) andsubunits, produced channels with a shallower dose±
digitized at 10 kHz. Data analysis was performed using PulseFitresponse curve for activation by cGMP in the presence
(Instrutech, Port Washington, NY) and Igor Pro (Wavemetrics, Lakeof Ni21, similar to native channels. Such a decrease in
Oswego, OR) software packages. The statistical significance of dif-
the slope of the dose±response relation could arise ei- ferences between pairs of data sets was assayed using the Stu-
ther from a mixed population of channels whose dose± dent's t test.
response curves partially overlap or from a homoge- The pipette solution contained 130 mM NaCl, 3 mM HEPES, and
200 mM EDTA (pH 7.2). The bath solution in the absence of Ni21neous population of channels that does not conform to
Rod Channel Subunit Stoichiometry and Arrangement
819
contained 130 mM NaCl, 3 mM HEPES, and 200 mM EDTA (pH 7.2). (1981). Improved patch-clamp techniques for high-resolution cur-
rent recording from cells and cell-free membrane patches. PfluÈ gersThe bath solution in the presence of Ni21 contained 130 mM NaCl,
3 mM HEPES, and 10 mM NiCl2. One lot of NiCl2 used was found to Arch. 391, 85±100.
produce anomalous potentiation (a larger than normal shift in K1/2, Hilgemann, D.W., and Lu, C.C. (1998). Giant membrane patches:
along with a decrease of the slope of the dose±response relation improvements and applications. Methods Enzymol. 293, 267±280.
for cGMP to about 1) that persisted in H420Q channels. Switching Hsu, Y.T., and Molday, R.S. (1994). Interaction of calmodulin with the
to a different lot of NiCl2 from the same company (Sigma, St. Louis, cyclic GMP±gated channel of rod photoreceptor cells. Modulation of
MO) or to NiCl2 from a different company (Aldrich Chemical, Milwau- activity, affinity purification, and localization. J. Biol. Chem. 269,
kee, WI) eliminated these anomalous effects. Because the effects 29765±29770.
were also eliminated when applying the NiCl2 in the presence of
Ildefonse, M., Crouzy, S., and Bennett, N. (1992). Gating of retinalEDTA, they may be attributed to an unknown metal contaminant in
rod cation channel by different nucleotides: comparative study ofthe NiCl2. cGMP and cAMP were added to the intracellular solution.
unitary currents. J. Membr. Biol. 130, 91±104.Except where noted, all chemicals were purchased from Sigma (St.
Jan, L.Y., and Jan, Y.N. (1990). A superfamily of ion channels. NatureLouis, MO).
345, 672.
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